To examine potential roles for bone morphogenetic proteins (BMPs) in cardiogenesis, we used intracellular BMP inhibitors to disrupt this signaling cascade in Xenopus embryos. BMP-de®cient embryos showed endodermal defects, a reduction in cardiac muscle-speci®c gene expression, a decrease in the number of cardiomyoctes and cardia bi®da. Early expression of markers of endodermal and precardiac fate, however, was not perturbed. Heart defects were observed even when BMP signal transduction was blocked only in cells that contribute primarily to endodermal, and not cardiac fates, suggesting a non-cell autonomous function. Our results suggest that BMPs are not required for expression of early transcriptional regulators of cardiac fate but are essential for migration and/or fusion of the heart primordia and cardiomyocyte differentiation. q
Introduction
The vertebrate heart is derived from paired regions of dorsolateral mesoderm that form the cardiac ®eld (reviewed by Fishman and Chien, 1997) . These primordia become speci®ed to the cardiac lineage in response to inductive signals from dorsal mesodermal and endodermal cells prior to the end of gastrulation (Jacobson and Sater, 1988; Sater and Jacobson, 1990b; Nascone and Mercola, 1995; Schultheiss et al., 1995) . During neurula stages, heart progenitors migrate to the anterior ventral midline, fuse to form a single tube and begin to differentiate as cardiomyocytes. Following fusion, the heart tube loops to the right, converting the initial anterior-posterior pattern into a leftright asymmetry. Subsequently, morphogenetic cell movements, coupled with cell proliferation, subdivide the heart into a multi-chambered functional organ.
Several families of cardiac-enriched transcriptional regulators have been identi®ed in recent years and these provide useful molecular markers to analyze speci®c aspects of heart development (reviewed by Fishman and Chien, 1997; Fishman and Olson, 1997) . Nkx2-5, for example, is an NK-2 class homeodomain protein that is among the earliest markers of cardiac speci®cation. Drosophila embryos mutant for the Nkx ortholog, tinman (tin), fail to form a heart (Azpiazu and Frasch, 1993; Bodmer, 1993) and the same is true of vertebrate embryos in which the function of two apparently redundant Nkx family members is simultaneously blocked (Fu et al., 1998; Grow and Krieg, 1998) . Downstream of Nkx2-5, members of the MEF2 family of MADS-box transcription factors directly activate cardiac structural genes while the basic helix-loop-helix transcription factors, dHAND and eHand are required for morphogenesis of the heart and out¯ow tract (Srivastava et al., 1995; Srivastava et al., 1997) . A fourth family of transcriptional regulators, the zinc ®nger binding proteins GATA-4, -5 and -6, are expressed very early in the cardiac program. These proteins are involved in the initial steps of cardiomyocyte differentiation and in directing ventral migration and fusion of the cardiac primordia (reviewed by Charron and Nemer, 1999) .
Cell-cell signaling molecules responsible for induction and patterning of the heart are less well studied, but a variety www.elsevier.com/locate/modo of embryological evidence suggests that BMPs are required for these processes. BMP-2 and -4 can induce ectopic expression of the heart-speci®c genes, Nkx2-5 and GATA-4, in non-precardiac mesoderm, and inhibition of BMP-2, -4 and/or -7 signaling blocks late expression of Nkx2-5 and cardiac differentiation (Lough et al., 1996; Schultheiss et al., 1997; Andree et al., 1998; Ladd et al., 1998) . These studies have led to a model in which localized expression of BMPs in the endoderm selects which cells within the heart ®eld will enter the cardiac lineage. Data obtained using an in vitro cell culture model for cardiac differentiation are consistent with this hypothesis (Monzen et al., 1999) . BMPs have also been proposed to have a direct role in heart tube looping. In zebra®sh, BMP-4 is expressed predominantly on the left side of the heart tube, and appears to be in the pathway that speci®es the direction of heart looping (Chen et al., 1997) . Consistent with a role for BMPs in heart development, Xenopus BMP-2, -4 and/or ± 7 are broadly expressed, including in anterior endoderm and/or cardiac mesoderm, beginning prior to cardiac speci®cation and persisting at least until differentiation has begun (Fainsod et al., 1994; Clement et al., 1995; Hawley et al., 1995; Hemmati-Brivanlou and Thomsen, 1995; Wang et al., 1997) .
Gene depletion studies in mice further support a role for BMPs in cardiac development but have not revealed a necessity for these factors in cardiac induction or myocyte differentiation. For example, mice lacking Smad6, an intracellular inhibitor of BMP signaling, develop hyperplasia of the heart valves and defects in the aorticopulmonary septum (Galvin et al., 2000) . Mice de®cient for BMP-2 (Zhang and Bradley, 1996) , or the downstream signal transducer, Smad5 (Chang et al., 1999) display abnormal placement of the heart in the exocoelomic cavity, but induction and differentiation of the heart are not perturbed. Genetic analysis of BMP function is limited, however, by early lethality of mice lacking certain BMPs or their receptors (Mishina et al., 1995; Winnier et al., 1995) , which precludes analyses of their later roles in organogenesis. Genetic analysis is also limited by functional redundancy among different BMP family members. Mice lacking either BMP-5 or BMP-7, for example, develop fairly normally whereas BMP-5/ BMP-7 double mutants show embryonic lethality due to a variety of defects including delayed and abnormal development of the heart (Solloway and Robertson, 1999) . In summary, BMPs appear to function at multiple stages of cardiogenesis, including in the initial induction of the heart ®eld, but the exact nature of these roles has not been determined in vivo.
BMP family members initiate signaling by binding to a complex of structurally similar type I and type II transmembrane serine-threonine kinases (reviewed by Yamashita et al., 1996) . Following ligand binding, type II receptors transphosphorylate the type I receptors which then propagate the signal by phosphorylating one of the BMP pathway-speci®c signal transducing Smads, Smad1, Smad5 or Smad8 (reviewed by Massague, 1998; Christian and Nakayama, 1999; Piek et al., 1999) . The common Smad, Smad4, then heterodimerizes with phosphorylated signal-transducing Smads and this complex translocates into the nucleus and activates transcription of target genes. A class of inhibitory Smads has also been identi®ed that includes Smad6 and Smad7 (reviewed by Christian and Nakayama, 1999) . These Smads lack the C-terminal phosphorylation sequence and function to block BMP signaling downstream of ligand binding.
In the current studies, we have utilized the Xenopus system to selectively disrupt BMP signaling in a subset of embryonic cells, including those that give rise to the heart and anterior dorsal endoderm. This allowed us to bypass the early patterning defects and lethality caused by total loss of BMP function in order to analyze its role in cardiac development. Our results provide evidence that BMPs are not required for early transcription of at least some genes known to regulate cardiac development. They instead appear to act together with, or downstream of these gene products to regulate patterning of the endoderm, migration and/or fusion of the heart primordia and cardiomyocyte differentiation.
Results

Dorsal inhibition of BMP signaling causes gut and heart defects
To examine a possible role for BMPs in cardiac development, we injected RNA (300 pg) encoding the intracellular BMP antagonist, Smad 6, near the dorsal marginal zone (DMZ) of Xenopus embryos at the 4-cell stage. In all experiments, we also analyzed animals in which BMP signaling had been inhibited by injection of RNA (150±500 pg) encoding a well-characterized dominant mutant truncated BMP receptor (tBR, Graff et al., 1994) . Identical results were observed following injection of either Smad6 or tBR, thereby verifying that defects were speci®cally due to inhibition of the BMP pathway. Embryos in which BMP signaling was inhibited in dorsal cells appeared grossly normal at the tailbud stage, consistent with published results (Nakayama et al., 1998) , but showed speci®c defects at the tadpole stage (stage 46) as detailed below. In uninjected or mock-injected tadpoles, the gut showed a stereotypical coiling pattern (Fig. 1A , white arrow). In contrast, almost all embryos in which BMP signaling was inhibited by injection of Smad 6 or tBR showed defects in gut coiling (Fig. 1B) and, in some cases, the gut failed to coil and consisted of a linear tube (Fig. 1C) . In addition, the hearts of BMP-inhibited embryos appeared small and thin-walled (Fig. 1E,F , black arrowhead) compared to control embryos (Fig. 1D) . Most of these embryos showed edema of the pericardial sac (Fig.  1F , black arrow) and of the overall body (Fig. 1C) , possibly as a consequence of heart failure. In a subset of embryos, defects in head structures were also observed (Fig. 1C) , consistent with the known role for BMPs in neural patterning (reviewed by Mehler et al., 1997) , but in many embryos heart and gut defects were observed independent of axial defects (Fig. 1B) . Subsequent analyses were restricted to embryos that did not show gross defects in axial patterning.
To further analyze the role of BMPs in heart development we examined histological sections through the heart of BMP-inhibited and control sibling tadpoles. Xenopus tadpoles have a single ventricle which, in control embryos, is highly trabeculated ( Fig. 2A , white arrow) and has a thick, muscular wall (black arrow). In embryos injected with either tBR or Smad6 RNA, the ventricular wall was thin and poorly trabeculated (Fig. 2B,C) . In severely affected embryos, the heart consisted of a thin-walled tube that completely lacked trabeculation (Fig. 2C ).
Inhibition of BMP signaling causes cardia bi®da and a decrease in cardiac muscle-speci®c gene expression
To begin to examine the underlying cause of heart defects in embryos in which BMP signaling was inhibited, we analyzed expression of two markers of cardiomyocyte differentiation, troponin c (Tnc) and myosin light chain (MLC), by in situ hybridization. At tailbud stage 32, the heart primordia had migrated ventrally and had fused at the ventral midline in the majority of control embryos as indicated by the continuous band of Tnc (Fig. 3A) and MLC ( Fig. 3D ) staining throughout the heart tube. At the equivalent stage, TnC (Fig. 3B ,C) and MLC ( Fig. 3E,F ) staining was greatly reduced in most tBR-or Smad6-injected embryos (Table 1 ). In addition, staining was observed in two discrete regions on either side of the midline in approximately 40% of BMP-de®cient embryos (Fig. 3B ,C,E, white arrows, Table 1) indicating that the two heart primordia had failed to fuse at the midline, a condition known as cardia bi®da. We conclude that BMP signaling is required for cardiomyoctye differentiation and for proper migration and/or ventral fusion of the heart primordia.
Cardiac defects may be an indirect consequence of BMP de®ciency in endodermal cells
The observation that BMP-de®cient embryos show gut defects, together with previous evidence that endodermally derived signals are essential for myocardial differentiation (Nascone and Mercola, 1995; Schultheiss et al., 1995) and morphogenesis of the heart (Sater and Jacobson, 1990a; Tonegawa et al., 1996) raised the possibility that BMPs function non-cell autonomously in heart development. Speci®cally, the heart defects that we observe could be a secondary consequence of loss of BMP signals in anterior endodermal cells. To begin to test this possibility, we targeted RNAs encoding b-galactosidase alone, or together with tBR, to blastomeres of 32-cell embryos that contribute primarily to cardiac mesoderm or to anterior endoderm, as illustrated above Fig. 4A . Fate mapping studies have shown that the heart is derived primarily from C1 and C2 blastomeres, although progeny of C1 blastomeres are also major contributors to endodermally derived organs. By contrast, D1 blastomeres make a major contribution to anterior endoderm and only rarely populate the cardiac mesoderm (Dale and Slack, 1987; Moody, 1987) . Thus, comparison of the frequency of heart defects in embryos in which BMP signaling is preferentially inhibited in non-cardiac (endodermal) versus cardiac cells can be used to estimate the probability that BMP signaling plays a non-cell autonomous role in heart development.
When BMP signaling was inhibited in the progeny of either C1/C2 or D1 blastomeres, expression of TnC was substantially reduced at the tailbud stage as analyzed by in situ hybridization ( Fig. 4A ; Table 2 ) and reverse transcription-polymerase chain reaction (RT-PCR) (Fig. 4B) . By contrast, expression of TnC was not perturbed when BMP signaling was inhibited in progeny of C4 blastomeres (Table  2) , which contribute primarily to posterior endoderm, somites and lateral plate mesoderm, and do not contribute to cardiac mesoderm or anterior endoderm (Dale and Slack, 6  10  84  8  100  8  8  84  6  72  tBR  80  9  11  38  112  74  12  15  38  72  Smad6  76  12  12  38  82  ND  ND  ND  ND a RNA encoding b-galactosidase (200 pg), tBR (150±500) or Smad6 (300 pg) was injected near the DMZ of four-cell embryos. Expression of TnC and MLC was analyzed by whole mount in situ hybridization in multiple independent experiments and scored as follows: 1/2, minimal or no staining; 1 1 , slightly decreased staining; 111, normal robust staining; bi®d, split staining indicating cardia bi®da; ND, not determined. Numbers are expressed as percent except for N, which indicates sample size. 1987). A subset of injected embryos was cultured to tadpole stage 46 and examined for gross morphological defects of the heart and gut. Embryos in which BMP signaling was inhibited in the progeny of C1/C2 or D1 blastomeres developed small, thin walled hearts and showed defects in gut coiling at comparable frequencies (Table 1 ). These data suggest that BMP function is required in anterior endodermal cells to generate a secondary signal(s) that is essential for cardiomyocyte differentiation. Our results do not, however, exclude an additional direct role for BMP signaling in cardiac mesoderm.
Embryos in which BMP signaling is inhibited have fewer cardiomyocytes
The decrease in Tnc and MLC message in embryos in which BMP signaling was inhibited may be due to a decrease in the number of myocardial cells, a decrease in the size of myocardial cells, or failure of prospective myocardial cells to differentiate as cardiomyocytes. To begin to distinguish between these possibilities, embryos were stained for Tnc at tailbud stage 32 and transverse sections through the heart tube were co-stained with SYTOX green to visualize nuclei of individual cells within the pericardium (Fig. 5B , short white arrow), myocardium (long white arrows) and endocardium (white arrowheads). Embryos in which Tnc staining was barely detectable were excluded from this analysis since it was not possible to accurately judge relative anterior-posterior position within the heart tube. Thus, the examples shown here are representative of less severely affected embryos. Examination of sections through comparable regions of the heart tube in BMP-inhibited (Fig. 5C±F) and control (Fig. 5A,B) embryos revealed that the decrease in TnC staining in BMP-inhibited embryos was accompanied by a decrease in cell number within the myocardium. For example, approximately 60% as many myocardial cells are present in the BMP-de®cient embryo shown in Fig. 5D as in the control sibling (Fig. 5B) . In addition, the endocardium appeared to be poorly developed (Fig. 5C ,E, white arrowheads) and the heart tubes had failed to fuse in a subset of BMP-de®cient embryos (Fig. 5E,F) . These results demonstrate that BMP signaling is essential for differentiation of the proper number of cardiomyoctes, and for normal migration and/or fusion of the cardiac primordia.
Inhibition of BMP signaling does not perturb early expression of transcriptional regulators of heart development
To begin to ask whether the decrease in the number of differentiated cardiomyocytes in BMP-de®cient embryos resulted from a decrease in the number of cells initially speci®ed to the cardiac fate, we analyzed expression of several early markers of the cardiac lineage. The homeobox encoding gene Nkx2-5 is the earliest known marker of the cardiac lineage and previous studies in chick and¯y suggest that BMP signaling is necessary and suf®cient for its expression in precardiac mesoderm (Frasch, 1995; Schultheiss et al., 1997) . Surprisingly, no signi®cant difference was observed in the level of expression of Nkx2-5 in BMP-de®-cient embryos relative to controls at neurula stage 16 as analyzed by in situ hybridization (Fig. 6A, left panels) . By contrast, when gene expression was analyzed in tailbud stage 32 sibling embryos from the same experiment, expres- Fig. 4 . Inhibition of BMP signaling in endodermal cells causes a decrease in cardiac muscle-speci®c gene expression. RNA encoding b-galactosidase (b-gal) was injected alone or together with tBR into C1 and C2 blastomeres (C1/C2), or into D1 blastomeres bilaterally. (A) Ventral views of representative tailbud stage 34 embryos stained for b-gal activity (red punctate stain) and for TnC RNA (purple stain) are shown. Embryos were cleared to visualize b-gal stain in the endoderm but were rehydrated prior to photographing, such that internal b-gal stain is not visible (see Section 4). (B) RNA was extracted from 25 pooled embryos in each group and expression of TnC analyzed by RT-PCR. Negative controls in which reverse transcriptase was omitted (RT-) were prepared in parallel for each reaction using equivalent amounts of control RNA. Ampli®ed bands were visualized with a Molecular Dynamics phosphorimager and the Macintosh IP lab gel program was used to quantitate levels of expression of each gene (expressed as % of control) normalized relative to levels of ODC. sion of Nkx2-5 was decreased, but never abolished, in the cardiac mesoderm of most embryos (Fig. 6A , middle and left panels).
To further investigate a possible role for BMP signaling in early transcriptional regulation of cardiac fate, we analyzed expression of GATA-4, -5 and -6 in embryos in which BMP signaling was inhibited. GATA-4, like Nkx2-5, is expressed in precardiac mesoderm and BMPs can induce ectopic expression of this gene in non-cardiac mesoderm (Schultheiss et al., 1997) . Furthermore, loss of GATA-4, b Expression of TnC was analyzed by whole mount in situ hybridization and scored as follows: 1/2, minimal or no staining; 11, slightly decreased staining; 111, normal robust staining.
c Tadpoles were analyzed for grossly apparent morphological abnormalities of the gut (defective coiling) or heart (small, thin walled). Numbers are expressed as percent except for N, which indicates sample size. ND, not determined. -5 and/or -6 function causes cardia bi®da and defects in endoderm development similar to those observed in BMPde®cient Xenopus embryos (see Section 3). Inhibition of BMP signaling did not cause a readily apparent decrease in the level of GATA-4, -5 or -6 transcripts in neurula stage 16 (Fig. 6B±D, left panels) or tailbud stage 32 embryos (Fig. 6B±D , middle and right panels) relative to controls. Thus, although GATA-4, -5 and/or -6 are logical candidates for genes whose expression or function might be perturbed in BMP-de®cient embryos, our results demonstrate that BMP signaling is not essential for high level expression of these genes.
We also analyzed expression of cardiac and endodermal genes in BMP-de®cient embryos using semi-quantitative RT-PCR. As shown in Fig. 7 , no signi®cant difference was observed in the level of expression of Nkx2-5 or GATA-4 in BMP-de®cient embryos relative to controls at gastrula stage 12. Furthermore, inhibition of BMP signaling did not repress expression of the anterior endodermal gene, XHex, or the pan-endodermal gene, XSox17b, at the gastrula stage (Fig. 7) . When gene expression was analyzed in older (tailbud, stage 32) sibling embryos from the same experiment, expression of Nkx2-5 was moderately repressed, expression of GATA-4, XHex and XSox17b was slightly decreased and expression of Tnc was almost abolished in tBR-injected embryos compared to controls. When averaged over multiple independent experiments, Nkx2-5 transcripts were present at approximately 65±70% of control levels, GATA-4, XHex and XSox17b were present at 80± 95% of control levels, and TnC RNAs were detected at 2± 10% of control levels in RNA isolated from pooled BMPde®cient embryos at the tailbud stage. These results suggest that BMPs are not required for expression of early transcriptional regulators of cardiac or endodermal fate, but instead function in parallel, together with, or downstream of these genes to regulate cardiac muscle-speci®c gene expression.
Discussion
BMP signaling is not essential for early transcriptional regulation of cardiac fate
Embryological studies have shown that anterior endoderm is the source of instructive signals that induce the heart to form from overlying mesoderm, and BMPs have been implicated in this process. In chick, for example, exogenously supplied BMP-2 induces ectopic expression of the early cardiac markers, Nkx2-5 and GATA-4, but only within anterior mesodermal cells located close to the heart forming region (Schultheiss et al., 1997; Ladd et al., 1998) . More distally located posterior mesoderm can be made competent to respond to BMP-4, however, by pretreatment with FGFs (Lough et al., 1996; Ladd et al., 1998) . Conversely, application of the BMP-inhibitor, noggin, blocks late expression of Nkx2-5 and cardiac differentiation (Schultheiss et al., 1997; Ladd et al., 1998) . Collectively, these data have been interpreted to support a model in which an initial signal, possibly provided by FGFs, sets up a cardiogenic ®eld in the anterior mesoderm that is competent to respond to BMPs. Subsequently, BMPs (most likely BMP-2 or -4) supplied by the underlying endoderm specify which cells within this ®eld will enter the cardiac myocyte lineage (Schultheiss et al., 1997 ; reviewed by Mohun and Sparrow, 1997) .
Genetic studies in Drosophila also support a role for BMPs in initiation of the cardiac program. Speci®cally, ies mutant for the BMP-2/4 ortholog, decapentaplegic (dpp), fail to maintain expression of the Nkx2-5 ortholog, tinman (tin) in cardiac mesoderm (Frasch, 1995) and the heart does not form (Azpiazu and Frasch, 1993; Bodmer, 1993) . Conversely, misexpressed Dpp can activate expression of tin in ectopic sites (Frasch, 1995) .
Our results are consistent with previous studies showing an essential role for BMPs in cardiogenesis but they do not support a model in which BMP signaling is required for the initial induction of cardiac gene expression. Embryos in which BMP signaling is selectively blocked in dorsal cells express early markers of cardiac speci®cation, such as Nkx2-5 and GATA-4, -5 and -6, although expression of Nkx2-5 and GATA-4 is not fully maintained at later stages. Consistent with our results, Shi et al. recently reported that blockade of BMP signaling in late blastula stage Xenopus embryos represses heart formation but does not repress early expression of Nkx2-5 (Shi et al., 2000) . This is similar to what is observed in Drosophila in that tin is initially broadly expressed in a Dpp-independent manner. Maintenance of expression of tin in the cardiac mesoderm, however, is strictly dependent on Dpp (Frasch, 1995) . Previously published data have shown that expression of Nkx2-5 is absent in explants of precardiac mesoderm cultured in the presence of BMP antagonists (Schultheiss et al., 1997) . Our results do not contradict this data, however, since, in the previous studies, expression of Nkx2-5 was analyzed after the onset of terminal differentiation, and we also observe a decrease in Nkx2-5 expression in BMP-de®cient embryos at this time. Taken together, our results suggest a role for BMPs in maintaining but not initiating Nkx2-5 expression.
3.2. Inhibition of BMP signaling causes gut and heart defects similar to those observed following loss of function of GATA factors
Our results demonstrate that BMPs are essential for patterning the endoderm and for cardiomyocyte differentiation. When analyzed shortly after the onset of terminal differentiation, expression of cardiac muscle-speci®c genes was repressed and fewer myocardial cells were present in BMP-inhibited embryos than in controls. Further studies will be required to determine whether the decrease in cell number is due to a defect in proliferation or an increase in cell death.
In addition to inhibition of cardiomyocyte differentiation, embryos in which BMP signaling was blocked showed defects in differentiation and patterning of the gut, and cardia bi®da. Cardia bi®da persisted at least until the late tailbud stages, but formation of two complete hearts at the tadpole stage was rare. In contrast, chick embryos with experimentally induced cardia bi®da develop paired functional hearts (Gannon and Bader, 1995) . It is possible that inhibition of BMP signaling delays, rather than prevents, fusion of the heart tubes, or that compensatory mechanisms within the Xenopus embryo prevent the development of two functional hearts at the tadpole stage. Alternatively, the small size and aberrant morphology of the hearts of BMPde®cient embryos may make it technically impossible to accurately score heart duplications in unstained embryos. Consistent with this latter possibility, we do observe thinwalled hearts containing greater than three chambers, which may represent duplicated, abnormal hearts.
The nature of the molecular defect(s) responsible for the gut and heart abnormalities in BMP-de®cient embryos is unknown, but the similarities between these defects and those observed following loss of function of one or more GATA factors raises the possibility that BMPs may be required for GATA function. Genetic studies have implicated GATA-4, GATA-5 and GATA-6 as important regulators of gut endoderm development. Each of these transcription factors is expressed in endoderm and gutderived organs in a variety of organisms, and can activate expression of endoderm speci®c genes (Bossard and Zaret, 1998; Gao et al., 1998) . Furthermore, gene inactivation studies have shown that GATA family members are critical for endoderm patterning or differentiation in mice (Soudais et al., 1995; Kuo et al., 1997; Molkentin et al., 1997) , zebra®sh (Reiter et al., 1999) ,¯ies (Rehorn et al., 1996) and worms (Zhu et al., 1997; Fukushige et al., 1998; Zhu et al., 1998) . These same GATA factors can regulate transcription of a variety of cardiac-speci®c transcription factors, such as Nkx2-5 (Searcy et al., 1998; Lien et al., 1999) as well as genes encoding structural components of the myocardium (Ip et al., 1994; Jiang and Evans, 1996; Molkentin et al., 1997 ; reviewed by Evans, 1997) and play critical roles in heart morphogenesis. Mice de®cient for GATA-4 develop cardia bi®da (Kuo et al., 1997; Molkentin et al., 1997) similar to that observed following inhibition of BMP signaling, and this can be rescued by restoring expression of GATA-4 within endodermal cells (Narita et al., 1997) . Cardia bi®da is also observed in chick embryos following partial depletion of GATA-4, -5 and -6 (Jiang et al., 1998) , and this again appears to be due to defects in the endoderm (Ghatpande et al., 2000) . Zebra®sh embryos mutant for GATA-5 display cardia bi®da, but in addition have decreased numbers of myocardial precursors, defects in ventricular differentiation and reduced expression of cardiac-speci®c genes such as Nkx2-5 (Reiter et al., 1999) . Collectively, the similar phenotypes that are observed following disruption of either BMP or GATA function, including gut defects, cardia bi®da, defective differentiation of the ventricle and diminished expression of cardiac-speci®c genes, including Nkx2-5, raise the possibility that BMP signaling is necessary for proper function of one or more GATA factors.
Cardiac defects may be an indirect consequence of BMP de®ciency in endodermal cells
The observation that BMP-de®cient embryos show defects in endodermal patterning, together with previous evidence that endodermally derived signals are essential for myocardial differentiation (Sater and Jacobson, 1990a; Nascone and Mercola, 1995) and for proper morphogenesis of the heart (Tonegawa et al., 1996; Narita et al., 1997; Ghatpande et al., 2000) raise the possibility that the primary defect in these embryos is of endodermal origin. As discussed above, studies of GATA-de®cient animals demonstrate that embryonic endoderm plays a critical role in directing proper migration and/or fusion of the cardiac primordia into a single tube. It is feasible that the cardia bi®da observed in the absence of BMP signals develops secondary to defects in the endoderm, potentially even due to loss of proper functioning of GATA factors in the absence of BMP. Likewise, endoderm appears to play a role in directing endocardial development (Sugi and Markwald, 1996) and BMP-de®cient animals show morphological defects in the endocardium. Signals from the endocardium to the myocardium are important for the generation of ventricular trabeculae (reviewed by Fishman and Chien, 1997) and endocardial defects may underlie the lack of trabeculation in the ventricles of BMP-de®cient animals.
Consistent with an essential role for BMP signaling in the endoderm, we have shown that inhibition of BMP signaling in blastomeres that very rarely contribute to the cardiac ®eld is suf®cient to inhibit cardiomyocyte differentiation. Our observation, however, that heart defects occur at similar frequency in animals in which BMP signaling is blocked in the cardiac mesoderm as well as the endoderm raises the possibility that BMP function is also required within the developing heart itself. Further studies using tissue-speci®c promoters or cre-lox systems to accurately restrict loss of BMP function to speci®c tissues or germ layers will be necessary to clarify this issue.
Experimental Procedures
Embryo culture and manipulation
Xenopus eggs were collected and fertilized, embryos were injected with synthetic mRNAs and then cultured as previously described (Moon and Christian, 1989) . Embryonic stages are according to Nieuwkoop and Faber (Nieuwkoop and Faber, 1967) . Capped synthetic RNA encoding Smad6 or tBR was generated by in vitro transcription of linearized template cDNAs (Nakayama et al., 1998 ) using a MegaScript kit (Ambion).
In situ hybridization and histological analysis
Embryos were processed for in situ hybridization as previously described (Nakayama et al., 1998) . Following in situ hybridization, some embryos were dehydrated in methanol, embedded in paraf®n and sections 10±12 mM thick were cut and counterstained with eosin (Christian and Moon, 1993) . SYTOX green nuclear stain (Molecular Probes) was used at a 1:500 dilution in TE buffer for 15 min on sections that were cleared with xylene and then gradually rehydrated. Following 32-cell injections, embryos were cultured to the tailbud stage, stained for b-galactosidase activity using Red-gal as a substrate, and processed for in situ hybridization as described (Nakayama et al., 1998) . Embryos were cleared in benzyl benzoate:benzyl alcohol (2:1) to verify the accuracy of injections and then rehydrated prior to scoring for reduction in TnC staining. For D1 injections, only cleared embryos in which b-gal staining was detectable in endoderm, but not in the heart were scored for TnC staining.
RT-PCR analysis of gene expression
RNA was isolated from 25 pooled embryos from each experimental group and RT-PCR analysis was performed as previously described (Cui et al., 1996) . Annealing temperature and cycle number was determined empirically for each primer pair to ensure that gene-speci®c PCR products were examined during the exponential phase of ampli®cation. XHex and XSox17b (Zorn et al., 1999) ,
